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We developed a new all-in-one camera and radiometer system for meteor surveillance.
It proved successful during its first bolide event on 13 April 2021, as reported in the
journal Meteoritics and Planetary Science, volume 57, number 3, pages 575-587. The
event capture produced both video and radiometric data, and with the video data we
were able to calculate a trajectory and orbit, and determine the fragmentation characteristics of the meteor as it traveled through the atmosphere.
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Chapter 1
Introduction
1.1
1.1.1

Background and Motivation
Why do we analyze meteors?
“I see the glory like a shooting star
Fall to the base earth from the firmament”
—Richard II, Act 2, Scene 4

Few natural events have captured the human imagination throughout the ages
quite like meteors. Observations exist in the earliest of writings describing all types of
meteoric events; from the first meteor showers recorded in 686 B.C. in China (Kiang,
1988), to fireballs streaking across the sky, and bolides; the bright explosion of light
that comes from the atmospheric detonation of a meteor. These events were the subject
of many myths and legends throughout time. Older yet are the records that predate
humans, persisting in the geological records of Earth itself. The very oldest of these
is perhaps Yarrabubba crater, at 2.2 billion years old (Erickson et al., 2020). These
powerful events threaten life’s very existence; but recent studies and simulations show
1

Figure 1.1: Two images depicting the Leonid meteor shower of 1833 (L) and 1866 (R).
From Wikimedia Commons, under the public domain, https://commons.wikimedia.
org/wiki/File:Leonidas_sigloXIX.jpg, author unknown.
that they could also be responsible for the existence of life on this planet (Martins
et al., 2008; Furukawa et al., 2015; Lingam and Loeb, 2021). The largest of impactors,
like the 10km sized impactor (de Pater and Lissauer, 2010) that produced Chicxulub
crater 65 million years ago brought about the end of the Dinosaurs (Alvarez et al.,
1980) at the KT boundary. An impactor with a 5 km radius is projected to hit earth
every 108 years; smaller impactors with a radius of 2.5 km are estimated to hit once
every 6 × 106 years, and once eery 70000 years for a radius of 300m (de Pater and
Lissauer, 2010). More recent recorded history tells of the Tunguska impact in 1908 that
flattened an area in Siberia over 2,200 square kilometers (Chyba et al., 1993), and the
Chelyabinsk bolide that exploded over Siberia in 2013, injuring over 1600 people from

2

shattered window glass and other flying debris (Borovička et al., 2013; Avramenko
et al., 2014). The threat of larger events feels perhaps a little distant, due to the
probabilities associated with such things; but in reality, meteoric impacts happen on a
daily basis. According to de Pater and Lissauer (2010), the earth collects upwards of
10,000 tons of micrometeoritic material every year as it travels around the Sun. For
larger, meteor-sized particles (those greater than 1 cm), 7,240 of these survive their
journey through the Earth’s atmosphere every year. While such minor impacts happen
on a daily basis, a Chelyabinsk-sized impact of roughly 20 m is projected to happen
once or twice every century. It is clear that these larger impacts, while fairly rare, have
the potential to be so destructive that research on mitigation techniques is certainly
warranted. These impacts are prominent reminders that it is not a question of if a
meteor will impact the earth, but when. Near-Earth objects (NEOs) are routinely
tracked and their orbits analyzed for risk assessment. Therefore, the study of meteors
and their impacts can help us gain perspective on what and how many NEOs are near
Earth. By calculating a trajectory of a meteor, we can find out not only the ground
track the meteor took as it disintegrated, but we can also back integrate and determine
the original orbit of the meteoroid, which provides us a better picture of the structure
and nature of the smaller bodies in the solar system– the very materials of which our
own planet is made. With additional radiometric and video analysis, we can gain more
information about meteor streams, calculate an energy deposited in the atmosphere,
and determine the meteor’s size. We can even infer the structure of the bolide, its bulk
mineralogy, and even its density. As we characterize more of these NEO populations,
we can be better prepared for when impactors strike, and study mitigation techniques
that are tuned to the characteristics of these bodies.

3

1.1.2

History of Meteor Observation and Analysis

Ground-Based Observations
The scientific photographic analysis of meteors has existed for well over a century,
beginning with the first known photograph of a fireball captured by Hungarian astronomer Ladislaus Weinek (Weinek László) in Prague (Ceplecha et al., 1998; Hughes,
2012). Some of the earliest meteor observation programs, run by schools such as Yale
and Harvard, attempted to determine meteor radiants and trajectories from photography as early as the 1890s (Olivier, 1937), but in these initial endeavors, the timing
was not accurate enough to determine the meteor’s velocity and height accurately
(Whipple, 1938). There is even a record of a program at Yale University using a bicycle wheel with opaque screens attached as an early timing device (Hoffleit, 1988);
the screens disrupted the image at set intervals according to the number of screens
used and the speed at which the wheel was rotated. In this fashion, the first reliably
timed meteor footage was recorded right at the turn of the century (Elkin, 1900). However, the creation of a more formal shutter system for producing precise timing marks
on photographs was soon developed by a team at Harvard in 1937 (Whipple, 1939),
and thus the precision photographic analysis of meteors took flight. In the 1950s, the
second largest meteor observation program in the world at the Ondřejov Observatory
in Czechoslovakia began to successfully record and analyze many meteoric events, including the -19 magnitude fireball over Czechoslovakia in April 1959, which was the
first-ever photographed meteor fall with associated meteorites recovered, thanks to
the robust observational calculations made by the meteor scientist Zdeněk Ceplecha
(Ceplecha, 1961). The science of meteor photographic analysis continued to grow
throughout the 20th century, with meteor observation networks appearing around the
world, improving upon photographic methods, and beginning work with RADAR and
spectroscopy. Throughout the 50s and 60s, meteor observation groups kept watch over
4

Figure 1.2: Early meteorograph at Yale Observatory, circa 1890s, from Hoffleit (1988).
the skies, and kept record counts of fireballs. Then, in 1963, two of the largest meteor
networks began; the The Czechoslovak network, which eventually grew to become the
European Fireball network, and then the Prairie Fireball Network run by the Smithsonian Astrophysical Observatory in the midwestern United States (Ceplecha et al.,
1998). In 1987, Ceplecha’s important work on the precision trajectory and orbit determination of meteors from fireball network footage was published (Ceplecha, 1987), and
provided a robust mathematical framework to translate the footage of the fireball into
real astrometric coordinates, calculate a trajectory, and determine orbital parameters.
This work formed the basis for which similar analyses are performed today, including this one. In the mid 1990s, meteor scientists Jiřı́ Borovička, P. Spurný, and J.
Keclı́ková refined the coordinate transformations with a new astrometric calibration
for allsky cameras (Borovička et al., 1995), another important step for refining meteor
5

observational data.
Space-based Observations
In addition to ground-based meteor networks, there is also an extensive body of research dedicated to the space-based detection of meteors. Much of the scientific data
we have on meteor detonation energy stemmed from anti-nuclear proliferation treaty
monitoring, and the data gathered from nuclear detonations as observed from space.
In 1994, Tagliaferri et al. (1994) from Sandia National Laboratory wrote a paper describing radiometry of meteor events from space-based platforms, including in the
visible and infrared wavelengths. They showed not only that it could and should be
done routinely, emphasizing the importance of identifying these bolide flashes for nuclear non-proliferation and event verification. In this way, meteor observation served as
both a scientific and a peacekeeping endeavor in uncertain times and political climates.
This idea of space-based remote sensing of bolides and meteor events was extended to
instruments already in space that were not necessarily designed to watch for bolides,
but nonetheless were technically capable of doing so. One of these instruments is the
Geostationary Lightning Mapper (GLM)(Goodman et al., 2013) aboard the Geostationary Operational Environmental Satellites (GOES) 16 and 17. Jenniskens et al.
(2018) showed that the GLM could in fact be used to identify bolide detonations in the
atmosphere at above a sensor threshold around −14 magnitude. The events analyzed
as part of this thesis made use of GLM data as a means of verification, timing, and
energy estimation. A more detailed description of the GLM data used in this thesis is
provided in Section 3.4.2.

1.1.3

What does meteor analysis involve?

Meteor analysis is comprised of several key tools that extract the most information
possible from our meteor observation, and help us to build a complete picture of the
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physics and dynamics of meteor events. In this analysis, we begin with a lightcurve,
which is a plot of the energy that the meteor emits over time. The lightcurve, while
simple in construction, is a useful tool because it can tell us interesting things about the
meteor, such as energy and mass estimates, peak magnitude values, and even composition if we have enough information on the color of the light emitted. In astronomy, the
technique of photometry is employed for similar reasons. We can also use a lightcurve
to build a fragmentation model that models how the meteor broke apart in the atmosphere, and telling us information on composition, energy, and mass. A lightcurve
is constructed for the event in this analysis by using satellite data, but can also be
constructed from video observations or with the use of a radiometer, an instrument
that detects radiation;in our specific case, the radiometer detects in the visible and
near-IR part of the electromagnetic spectrum. The next and perhaps most important
piece of information gathered is the trajectory. A trajectory is produced from meteor
data through triangulation, which uses trigonometry to determine distance and position of the meteor with respect to the earth’s surface, using positional data from two
or more camera observation stations. Producing a trajectory requires a fine lock on
the exact pixel location of the center of the meteor in each frame of the video, and this
leads us to another important concept; the centroid. A centroid is a calculated fit of
the x and y position of the meteor in each frame of the video, and is very important
in producing an accurate trajectory. The better positional information we have, the
better trajectory we can calculate. Good trajectory information will produce a good
orbit determination, which will tell us where in the solar system the meteor originated,
and if it was a part of known asteroid families.
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1.1.4

What equipment do we need?

Many of the professional allsky systems today employ high quality, low-noise, black and
white CCD cameras. Some are augmented with a fisheye lens providing 180◦ views of
the entire sky; these are called allsky cameras. The Spalding Allsky Camera Network
(SACN), the NASA Allsky Fireball Network (Cooke and Moser, 2012), or the Fireball
Recovery and InterPlanetary Observation Network (FRIPON, Colas et al., 2020) use
allsky cameras. Others use one or more cameras (black and white or color) pointed
strategically to provide coverage of an area of interest, such as the Cameras for Allsky
Meteor Surveillance (CAMS) network (Jenniskens et al., 2011a) that search for meteor
showers, and the Global Fireball Network (Devillepoix et al., 2020). These systems
are deployed around the world, usually at great cost. Budgetary considerations often
hamper the installation of such systems, even in ideal locations.
The Florida Institute of Technology has an educational partnership with the SACN,
and so it is with this network that we perform the majority of our analysis. The extent
of the SACN is shown in Figure 1.3. There is sparse coverage in the southeast, plains,
and mid-Atlantic regions of the United States, and the network could greatly benefit
from the addition of nodes to the network in these regions and any other region. In
addition to cost, another issue that affects meteor observation systems is saturation of
the camera during the bolide flash. A full lightcurve analysis is hard to achieve from
most video sources because of saturation during the main flash of the meteor event.
The maximum detectable flux from the bolide flash (the top of the lightcurve) is often
capped at the the bit depth of the digital readout. While the value is maxed out,
no additional information is accessible during the saturation period, as the lightcurve
flattens at the peak value. Any exact positional or energy information during the
saturation of the camera is usually lost when this happens. Pairing the camera system
with a radiometer that detects in the visible and near-IR is an ideal setup in that it
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Figure 1.3: Camera locations for the Spalding Allsky Camera Network, plotted as black
dots.
would provide a non-saturated look at the energy that the meteor deposited.
If camera data is combined with radiometry measurements, even more information
about the meteor, such as energy, size, and bulk composition can be discerned. Groundbased radiometry has been used in the community as an important raw energy reading
for meteor events. The professional systems used for radiometry, while extremely
precise, can range into the tens of thousands of dollars per system. In 2015, Vida
et al. (2015) began discussing with the meteor community a way to create a low-cost
radiometer for meteor photometry. These efforts were followed shortly thereafter by
another group, Buchan et al. (2019) implementing a low-cost radiometer of their own.
Bringing this capability to stations around the world would be a huge added benefit
to the analysis of meteors, particularly in energy and size estimates because of the
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opportunity for a non-saturated lightcurve to be captured. Placing one in tandem
with a camera, and then adding these low-cost stations in places all over the country,
would create a widespread meteor detection network, greatly increasing our data on
meteor events, and further defining our picture of meteors and their relationship to
Earth.

1.2

Scientific Goals

1.2.1

Main Objectives

The goal of this this thesis is to construct an all-in-one system that accomplishes three
primary goals. The first is to provide increased coverage to our existing meteor
network. Increased coverage presents the meteor community with more chances to
observe and analyze meteor events. Because a triangulation requires two or more
observations, an increase in the number of cameras, not only in general, but especially if
they are arranged within maximum separation distance for triangulation (i.e., clusters),
would be ideal for producing more data for the scientific community. The second
goal is to provide better observational data through an upgraded camera
system that delivers both improved data and analysis results. Having better
data ensures a better centroid, which in turn allows for more precise trajectories. A
more precise trajectory gives a better orbit characterization, and also presents a higher
possibility for meteorites to be located, because we can calculate the strewn field; the
prescribed area on the Earth’s surface where meteorites would land given the trajectory
and atmospheric conditions. Once strewn fields are located and mapped, samples can
be recovered. This is one of the ultimate goals of meteor science– to recover samples
and provides a wealth of new information that can only be gained from examining the
fragments directly. For example, we can find out the exact chemical and mineralogical
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composition of the meteorite, we can verify the type of meteor, we can infer the actual
size of the meteor from the recovered fragment masses, and we can verify known parent
bodies. The third goal and final goal is to integrate a radiometer into the system
to produce radiometric data for meteor events, giving coverage at times when
the cameras saturate and fail to record meaningful data beyond saturation point, which
frequently happens during bright bolide flashes. Radiometric data and the resulting
lightcurve it produces is extremely useful in calculating energy and size estimates of
the meteor. This thesis will also show how the data from such a system can combine
synergistically with existing systems and space-based data as well, providing maximum
interoperability and offering the scientific community a more robust overall picture of
meteor events. The aim for construction of this system was to keep the full setup
low-cost, ensuring that both major components, camera and radiometer, are easily
constructed from readily available parts. This will assist in accomplishing our first goal
of providing more coverage. As of this writing, prototype all-in-one systems are already
augmenting SACN at three different sites. The new prototypes are fully described in
Chapter 2. A substantial increase in coverage will result as these new high definition
(HD) systems are built and deployed around country to augment the existing SACN
camera nodes. The included radiometers in each package will be an added benefit
providing more in depth data for lightcurve and fragmentation analysis. Further, use
of the Raspberry Pi system and open source software for the new all-in-one systems
ensure easy installation and set-up for members of the public who may be interested
in hosting such a system, opening the door to citizen participation.
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Chapter 2
Instrumentation and Software
2.1
2.1.1

Hardware Description
System Overview

The all-in-one camera and radiometer system (hereafter referred to as all-in-one) is
a low-cost meteor observation system that is quickly and easily deployed, requiring
only power and internet access to operate. It was developed as a fast way to augment
current camera networks with additional cameras, while simultaneously increasing the
quality of the data that comes from the new systems. It is constructed with readily
available commercial off-the-shelf materials found at electronics shops or online. The
all-in-one is capable of simultaneous visual and radiometric observation, having both
an allsky camera and radiometer on-board. The system relies on a standard HD USB
webcam, and a simple radiometry circuit attached to a photodiode array. The camera
is affixed on top on a custom 3-D printed mount that also holds the fan, Raspberry
Pi computing device, GPS, and radiometer circuitry. See Figure 2.1. The GPS unit
is nestled in under the camera (not visible in Figure 2.1) and pulse-per-second (PPS)
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Figure 2.1: Current configuration of the all-in-one camera and radiometer system. Top
panel shows all parts inside neatly arranged. On the outside view are two domes; one
for the camera, and the other for radiometer. This allows simultaneous capture of a
meteor event. Approximate size of the enclosure is 11” × 7” × 5”
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function provides a benchmark for timing across the all-in-one systems, so triangulation
can be accomplished with sub-millisecond accuracy. The power block is situated under
the photodiode array and filter, and provides power to the system. The photodiode
array is enclosed in a specialized mount so that a bandpass filter can be placed on
top. The humidity sensor is connected directly to the pi, and the heater is connected
directly to power block. The configuration as depicted in Figure 2.1 also allows room
for proper air circulation and desiccants for more humid environments.
The current all-in-one camera and radiometer system is constructed as follows. In a
standard 7” x 11” x 5” ABS water-tight Hoffman enclosure (or similar), two 2”-radius
circular holes are drilled in the hinged top equidistant from the top’s center. Acrylic
domes are placed directly on top of the drill holes and sealed with waterproof UV
resistant silicone sealant around the edges to form a weather-tight seal. These serve
as the windows for the camera and photodiode array. Next, a port is drilled for the
main power extension cord. This cord provides all power required for the box, and
is weatherproofed to guard against leaks using a standard cable gland with a rubber
gasket. A power splitter is added inside the enclosure so that the radiometer and
heater can be powered separately. An optional port can be drilled and secured against
the elements if Ethernet connection is required for times when wireless connectivity
is unavailable. See Figure 2.1 for a photo of a completely assembled exterior. The
USB web camera is then mounted directly under one of the acrylic domes inside the
box, using standard 1.25” L-brackets attached to the camera enclosure support, and
affixed with high-strength adhesive. This keeps the camera immobile during traveling,
shipping, or placement and aligned correctly for optimum sky viewing. Next, a 60mm
USB fan is installed on the bottom of the box, affixed to the top of the perforated
mounting plate, and connected to either of the Raspberry Pi computer’s USB 2.0
inputs. The fan ensures that the air inside the enclosure circulates, and together with
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the 5V USB wire-mesh heater, prevents condensation from forming on the outside
surface of the domes on cooler nights. In warmer seasons, the setup does not require
active cooling, as it stays well below operation threshold for the components, but
removing the heater is good practice to keep additional heat from building. Finally,
the radiometer circuit board is attached directly to the General-Purpose Input/Output
(GPIO) of the Raspberry Pi, and the photodiode sensor is wired to the radiometer and
mounted under the second dome. The GPS module and the DHT-11 humidity sensor
is then connected to the GPIO on top of the radiometer via the GPIO pass-thru header
pins. Completing the configuration is the addition of a few re-chargeable desiccants to
keep the air at a reasonable humidity level.

2.1.2

Raspberry Pi

The Raspberry Pi 4 was chosen as the computer for the all-in-one system. Because it is
a complete, fully functioning personal computer (PC) on a credit card-sized board, it is
much easier and convenient to install and setup as compared to the full-sized desktop
PCs on which previous camera systems relied. The Raspberry Pi will be responsible for
the collection, short-term storage, initial calibration, and analysis of observational data.
It was chosen over other similar mini-computers not only for its small size, but also for
its fast, user-friendly setup, direct access to GPIO and Serial Peripheral Interface (SPI),
and open-source Linux-based operating system called Raspbian, developed specifically
for the Raspberry Pi. Also advantageous are the two USB-2.0 and two USB-3.0 ports
which are used to power the HD web camera and a fan. The Raspberry Pi has an option
to connect either to 802.11 wireless or a Gigabit ethernet port, providing networking
flexibility during deployment when internet access and configuration is uncertain. The
on-board memory provides sufficient space for collecting and analyzing data while
simultaneously running a Virtual Network Computing (VNC) server and shell and
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python scripts for administrative tasks. A typical node will have 4 GB of on-board
memory, subject to availability. The 4-core ARM processor provides enough processing
power to run everything required with plenty of extra room for additional tasks. Most
of all, the Raspberry Pi is small and thus very portable, allowing for ease of transport
and shipping and the convenience to be able to install the observation box in many
different places.

2.1.3

Peripherals

There are a few additional peripherals used in the Raspberry Pi setup that are enclosed
within the box. These are the GPS module, heater, and the temperature and humidity
sensor DHT-11. The GPS module is an essential part of the setup, and we have
successfully used two similar models of GPS; the Beitian BN-280 and the GT-U7
Arduino GPS module. Both of these are small, lightweight GPS modules that provide
a pulse-per-second readout pin for precise timing for the Pi Sentinel capture software,
which is needed for the accurate reconstruction of the bolide trajectory throughout the
entire recording. The GPS signal strength is sufficient to lock on several different GPS
systems, even when indoors. The next peripheral is the heater. We use a simple wire
heater, which can be powered by USB and works continuously to keep the box warm
and clear of condensation when temperatures fall below the dew point. The heater
is optional during the hot summer in some warmer climates. Finally, the DHT-11
humidity sensor connects directly to the Raspberry Pi’s GPIO and is operated with
a simple python script that records straight off the sensor. The DHT-11 passively
monitors the temperature and the humidity of the enclosure, writing out to a log
file every few minutes. This has proven to be a very useful tool for monitoring the
environment inside the enclosure, and is especially important in more challenging and
humid climates like Florida has. It can also help to detect water intrusion, as a sudden
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spike in humidity usually indicates a seal has breached; a possibly damaging situation
for the equipment within the enclosure.

2.1.4

Allsky Camera

A camera is the most important piece of the all-in-one system. Any camera chosen
must be easily integrated with the Raspberry Pi, be of good quality and low cost. The
SVPRO 2.12-megapixel USB web camera with fisheye lens is the current camera used
in the all-in-one system. This camera provides full color HD 1920 × 1080 resolution
using a Sony IMX322 complementary metal oxide semiconductor (CMOS) square image
sensor, combined with a 180 deg fisheye lens, all enclosed in an aluminum housing.
This camera supports H.264 compression standard required by Pi Sentinel software,
and requires no extra driver or software to operate. See figures in chapter 3 for an
example capture composite, and a comparison composite from an older SACN node.
There are other camera models that fit the criteria above, but this ultimately depends
on market availability and appropriate functionality as an allsky camera.

2.1.5

Radiometer

The radiometer is constructed with 4 main circuit components; a photodiode, a transimpedance amplifier (TIA), 3 operational amplifiers (op amp), and an analog to digital converter (ADC). For a more in-depth look into the functionality of the individual
components, the reader is referred to Horowitz and Hill (2015). The photodiode sensor
array captures light from the bolide event and produces a photocurrent. The circuit
then passes this photocurrent to a TIA, which converts the photocurrent to a voltage.
Next the signal is passed from the TIA to one operational amplifier used in differential
mode to filter static light sources from the reading, and then through two additional op
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amps to amplify the signal by different gain stages. Finally, the ADC digitally samples
the voltage signal, taking an amplitude reading from the each stage along the way and
sends it to the Raspberry Pi for readout, interfacing directly with the Raspberry Pi’s
GPIO as seen in Figure 2.3. The complete constructed circuit as installed is shown in
Figure 2.5, with the smaller radiometer printed circuit board (PCB) sitting directly on
top of the GPIO of the Raspberry Pi, and separate power sources visible at bottom
left for the Pi itself, and the 12V DC power source feeding in at the screw terminal
on the right side for the radiometer. The final board layout is shown in the schematic
diagram in Figure 2.2, and the 3D render that shows the assembly of the radiometer
circuit board itself is shown in Figure 2.4.
The radiometer produces the data readout in the following manner. When an event
is detected by the photodiode, the photocurrent produced is sent down through the
TIA and the op amps as described above. When the ADC receives the analog voltage
reading from the op amp, it assigns a digital number readout determined with the
following method. Taking +5V DC as the maximum voltage input of the ADC, and
12-bit resolution which divides the entire observable range of 0-5V into 2n distinct
divisions, where n = 12. This gives a total of 212 = 4096 which is the highest number
of parts the reading can be broken into, and thus, the resolution of the ADC. So there
are 4096 total readouts, from 0-4095. Whatever digital number the ADC reads out
between 0 and 4095 can be translated back to a voltage by multiplying the value by
( DC )
the scaling factor, 5V
. The smallest voltage unit that can be resolved with the
4095
current system is 5V /4095 = 0.0012V = 1.2mV . The following sections describe the
signal path from its generation at the photodiode, to the readout from the ADC.
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Figure 2.2: Schematic diagram for the radiometer circuitry. The radiometer is composed of four OPA2340 op amps and an MCP3304 for data acquisition and digitization.
The power to the ADC and each of the amps is provided by a 12V DC connection fed
through a TL340-V5 voltage regulator that steps the voltage down to 5V required by
the amps and ADC. Bypass capacitors are used here, as recommended by manufacturer
for optimum stability and to reduce noise.
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Figure 2.3: Pinout diagram of the Raspberry Pi 4, from the Raspberry Pi Documentation https://www.raspberrypi.com/documentation/computers/os.html

Figure 2.4: 3-dimensional render of the final layout for the radiometer, with components
included. As in Figure 2.2, the op amps are now placed in their respective footprints,
as well as the MCP3304, and the 5V voltage regulator on the bottom right. Capacitors
and resistors have been placed throughout as part of the filter scheme.
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Figure 2.5: The Raspberry Pi and radiometer is assembled as shown. The radiometer plugs directly into the Raspberry Pi GPIO, and has full pass- through access for
additional connections with the GPS and humidity sensor, and other peripherals as
required. This configuration requires two separate power feeds; one 5V USB-C directly
to the pi (on the left), and a 12V DC wired to the voltage regulator on the radiometer
(right side).
2.1.5.1

PIN Photodiode and the Photodiode Array

A photodiode is a semiconductor device that converts light into current through the use
of a p-n junction. The p-n junction is the boundary between two materials sandwiched
together; a positively ”charged” side (p) and a negative side (n). In the case of a PIN
photodiode, the PIN contains a p-n junction, but has an undoped intrinsic layer, I,
in between the p- and n-layers. Thus the name PIN photodiode. For our purposes,
the PIN photodiode works in reverse bias mode, meaning the p side of the photodiode
is connected to the negative end of the circuit, and the n side of the photodiode is
connected to the positive input of the circuit. This configuration ensures that when a
photon of sufficient energy strikes the intrinsic layer, a small photocurrent is produced.
This photocurrent can then be amplified and converted to a voltage, and then read out
as data. At 7.7 mm2 , Vishay BPW34 Silicon PIN Photodiode was the first photodiode
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chosen for the detector element, as used in the low-cost radiometer setup proposed by
Vida et al. (2015). These were tested in an array of 2, 9, 16 in parallel. The BPW34 has
a dynamic range of 430−1100 nm, from visible to near infrared (IR) and a peak spectral
sensitivity at 900 nm; an ideal spectral range and sensitivity for bolide detection. It has
a fast response and a low dark-current, which is the current that flows in the photodiode
with no photons entering the device. The Vishay has a maximum rating of 30 nA dark
current. Arranging the photodiodes in parallel effectively increases the detection area,
and increases the photocurrent produced in the photodiodes, making smaller events
easier to detect than with one photodiode alone. The array is easily soldered onto
an 41 -size prototyping board, as was the model used in the event analysis in chapter
4. They are also widely available and very inexpensive, making them a good choice
for a low-cost radiometer for meteor detection (Vida et al., 2015). In later revisions
to the radiometer build, the Hamamatsu S1337-1010BR photodiode was introduced
into the assembly. Buchan et al. (2019) demonstrated the use of the Hamamatsu
photodiode for their low-cost radiometer setup with some success, and it was decided
to implement it here with the version that is currently under testing at Florida Tech.
The S1337-1010BR is similar to the BPW34 in that it has a spectral response range
from 340-1100 nm, and a peak at 960 nm, but it has a much larger photosensitive area
at 100 mm2 . This is an advantage because the larger the light-collecting area, the more
light collected. From the photodiode, the photocurrent enters the radiometer circuit
and the first op amp, the Transimpedance Amplifier (TIA).

2.1.5.2

Transimpedance Amplifier and Operational Amplifiers

The transimpedance amplifier is an operational amplifier that converts the minuscule
photocurrent from the PIN photodiode to a voltage so that it can be read by the
ADC. For this project, we selected the Texas Instruments OPA2340 Single-Supply
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Figure 2.6: Simple pinout diagram of the Texas Instruments OPA2340 linear amplifier.
This amplifier serves as TIA and Op Amp along the circuit.
Operational Amplifier for use as the transimpedance amplifier, and in later stages as
operational amplifier, amplifying signal according to a set gain.
The OPA2340 runs off 5V Vcc power supply and is shown in the pinout1 figure 2.6
From the TIA, the signal heads to the second op amp, configured in differential
mode. We use the differential mode to subtract signals from static light sources, such
as the moon, and any building and parking lot lights. These can quickly saturate a
channel and overwhelm the signal. In order to subtract out the static sources, we had to
employ a high-pass filter fashioned after the state-of-the-art multi-spectral radiometer
employed now by the University of Toronto. For this filter we’ve chosen a 22 µF
capacitor and a 4.7 MOhm resistor, which provides a cutoff frequency of 0.00154 Hz,
attenuating anything with a frequency below this value. Meteor events last on the
order of a few seconds, and with a corresponding frequency on the order of 0.5 Hz,
is well above the filter cutoff frequency. This eliminates most static and near static
sources, but has a settle time of around 2 minutes to fully filter the noise. From the
differential, the signal is split with one feed that goes straight to the ADC for readout,
and another that travels on to the third op amp for additional signal gain. After the
third op amp, the signal splits one more time, with one feed direct to the ADC and

1

from manufacturer’s datasheet https://www.ti.com/product/OPA2340, accessed 01 Jan 2022.
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Figure 2.7: Simple pinout diagram of the MCP3304 ADC by Microchip, Inc. From
ww1.microchip.com/downloads/en/DeviceDoc/21697F.pdf, accessed 14 Feb 2022.
the last feed into the fourth op amp to process through the last gain stage.

2.1.5.3

Analog to Digital Converter (ADC)

An ADC takes the analog signal, in this case, the voltage readings from the TIA and
Op Amps, and converts the voltage to digital values for reading and processing by the
Raspberry Pi. The ADC chosen for this task is Microchip, Inc.’s MCP3304, a 13-bit
8-channel Successive Approximation ADC that can read up to 100 kilosamples per
second. When used in single-ended mode, as is done here, the resolution is 12-bit. The
MCP3304 was chosen for its high sampling speed and high resolution with the hopes
that smaller bolides and other harder to capture events would be better detected. In
order to use the MCP3304 and interface it directly to the Raspberry Pi, it was necessary
to create a driver written in C for performance considerations. It provides operating
instructions to the MCP3304, and lays the framework for SPI communication with the
Raspberry Pi. The MCP3304 connects directly with the pi through the standard SPI
pins on the Raspberry Pi. SPI relies on 4 connections; a serial clock (SCLK), Master
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Table 2.1: Surface-mount parts list for the radiometer. All of the parts as of the time
of this writing are available commercially off the shelf.
Quantity
1
4
1
1
1
1
1
5
1
4
1
1
1
1
6

Part
MCP3304
OPA2340
LM340 T5
C0603 0.1 µF
C0603 0.33 µF
R0402 680 KΩ
C0402 15 pF
R0402 130 KΩ
C0402 100 nF
R0402 4.7MΩ
C0603 22µF
R0402 6.49MΩ
GPIO pin assembly
2-wire or 3-wire screw terminal
header pins

Function
ADC
TIA and Op Amp
Voltage Regulator
bypass capacitor
bypass capacitor
resistor
capacitor
resistor
capacitor
resistor
capacitor
resistor
header pin pass through
for power feed
various access points

Out Slave In (MOSI), Master In Slave Out (MISO), and chip select (CS). See pinout
diagram Figure 2.3 for pin locations.

2.2
2.2.1

Software Description
On-board Software

The all-in-one works with three major software suites. One is used for the video capture
functions (Pi Sentinel), one is used for radiometric fuctions (PyRadiometer) and the
last, (Pi Admtools), is a collection of administrative scripts and tools used to maintain
the all-in-one system.
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Figure 2.8: Overall data capture and processing flow for the radiometer. Major stages
in purple, and readout channel choices appear as yellow circles at the bottom. An
event is first detected at the photodiode, and produces a small photocurrent. The
photocurrent is sent to the TIA to amplify and convert it to a voltage. The signal is
then split, where it can be read out as-is on the first channel of the ADC, or sent to
the differential amplifier to filter out static sources. Next the signal can be read out as
filtered or passed to two more op amps for additional signal gain. Each stage can also
be read out separately.
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2.2.1.1

Pi Sentinel

The all-in-one allsky camera operation relies on Pi Sentinel, an open source software
package for allsky meteor detection, designed by Joseph Chavez2 , that provides a webbased user interface for inspecting nightly event captures, building playbacks from
archival footage, and running astrometric calibrations. Pi Sentinel is programmed to
automatically record meteor events based upon a pixel trigger threshold determined
and set by the user. When the pixel threshold is reached, for example, when a moving
target like a plane or a meteor comes within field of view of the camera, the software
triggers the creation of an event and it is saved into a footage file. Events can also be
reconstructed from archival footage located on the Raspberry Pi that saves video of the
sky for the duration of the the night. In this way, even if an event is not bright enough
to trigger past the set threshold, a playback can be performed by simply entering a start
and stop time, and the system will rebuild the footage from that time. The triggered
events and playbacks produce a movie in .h264 raw format, which is then converted
to .mp4, a composite .jpeg image of the event so that meteors are easier to spot, and
a .csv with triggered pixel values and positional information for use with analysis. Pi
Sentinel’s graphical user interface (GUI) is web-based and uses CherryPy web server
module, a Python open-source web framework. It is presented on an internet browser
page as a dashboard, where the user can perform multiple functions within the Pi
Sentinel system. These functions are grouped into 3 main tabs Events, Controls, and
Actions. In the Events tab, a user can review the new events triggered over the night,
and save or delete events as necessary. In the Controls tab, a user can set the activation
and deactivation times of the Pi Sentinel system, check the time offset from the GPS,
and set trigger and noise thresholds. In the Actions tab, a user can toggle the system on

2

https://github.com/chavezaurus/pi-sentinel
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or off, force a trigger of an event, make a composite, and run a calibration. Pi Sentinel
offers a built-in calibration script, where the user can run an astrometric calibration
from composites produced by 3 minute video frame stack. Known star positions, as
identified for that specific date and time, are projected onto the composite frame. Then
the user can adjust the star positions individually as needed, and a new calibration fit
is automatically updated.

2.2.1.2

PyRadiometer

PyRadiometer is a program that runs the data capture and write-out tasks for the
radiometer. It contains a C Driver written specifically for the MCP3304, which provides
instructions that the MCP3304 uses to connect and communicate with the SPI on board
the Raspberry Pi. When an event is detected by the photodiode, a small photocurrent
is produced. The photocurrent is passed through a series of op amps to be filtered
and amplified, and then fed into the MCP3304 for digitization (as described above
in Section 2.1.5). The MCP3304 digitizes the signal, and passes it directly to the pi
for recording and storage. The capture software is programmed to run continuously
throughout the night, starting and stopping at a time defined by the user. Capture
rate is set at 1000 samples per second (SPS) for default, and can also be changed
depending on temporal resolution required by the user. The software then writes the
time and associated voltage data for each channel (up to eight) to a .csv file to pi local
storage every 2 minutes. Each file contains continuous timestamped voltage values.
There is no trigger for events, as the sky is observed by the radiometer continuously.
However, this can be an advantage, because on the occasion when a trigger misses an
event, especially for the smaller meteors, it will still be recorded by the radiometer.
Originally, the radiometer was developed to run with a Python driver that would
manage the capture and processing from the ADC. Through several different trials,
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we found that Python driver is too slow to run the I/O processes required to record
data at such fine time-steps, overloading the I/O and producing gaps in the data, as
evidenced by Figure 4.7. Therefore, the most recent version of the driver was created
in C, and is significantly faster at recording data, and has eliminated data dropouts.

2.2.1.3

pi-admtools

pi-admtools is a suite of software used to perform networking and administrative
tasks, both for the Raspberry Pis and for the all-in-one system and network as a whole.
This collection of scripts runs code on each pi that establishes and maintains the all-inone’s connection to the main web server at Florida Tech, manages data transfers, starts
the Pi Sentinel and PyRadiometer sessions at designated times, runs administrative
tasks within Pi Sentinel, and logs temperature and humidity of the all-in-one enclosure. There are two main shell scripts; start ssh.sh and morning chores.sh. start ssh.sh
launches the Pi Sentinel server and PyRadiometer capture programs in a tmux session,
so that both can run independently and without the need to start a new session in the
terminal every night. This script is added to the /etc/rc.local file in each pi, which is
a file present on each pi that will tell the computer what scripts and processes to run
on reboot after all system services have started. This ensures the script runs each time
the pi boots. The morning chores.sh script runs several Pi Sentinel functions automatically, to keep things running smooth for video capture. morning chores.sh calls three
different Python scripts; starmap.py, make new composites.py, and cleanup events.py
in the morning after the pi has stopped capturing around 6 am. Starmap.py runs
through the night’s new footage and builds “starmaps” which are 3-minute composites produced every hour, from 7pm the night of capture until 5 am that morning.
make new composites.py runs the composite creating script for Pi Sentinel, ensuring
each new triggered event has a composite image to reference. cleanup events.sh re29

moves all new triggered events older than 3 days, and and saved events older than 15
days. This can be personalized to user preference. There are a few additional scripts
not otherwise part of a package that help with important functions. get ip.sh checks
the WiFi on the pi to make sure it is operational by pinging www.google.com. If it is
unsuccessful, it will restart WiFi driver and once a successful WiFi connection is established, the pi will report its IP address to the dedicated web server at Florida Tech.
This is used to establish remote connection for administrative access. There is also a
mechanism to save triggered events from Pi Sentinel by going through the web serverhosted page , instead of logging in to Pi Sentinel directly. The script sync queue.sh
will sync events chosen to be saved from the web server with the events from the pi.

2.2.2

Offline Calibration Method

Occasionally, some camera orientations do not work well with the solver in the Pi
Sentinel calibration suite, and the system cannot converge on a solution for the calibration. In cases like these, there is an offline calibration suite created with Jupyter
Notebook that works in a similar manner, but is independent of the direction the camera is mounted. It uses the same nightly composites created by Pi Sentinel to make
differential images, which, will have background static noise removed, and left with
things that move; i.e. stars and planets. The position of the stars on the camera field
of view is compared with the known positions of the stars from a star catalogue, and
therefore an azimuth and zenith distance position can be assigned to every pixel in the
field of view based upon the known position of stars. The more stars that can be positively identified, the better the calibration. The calibration is based upon Borovička
et al. (1995) method of Allsky Camera Calibration, and has 9 different parameters
that take into account the curvature of the lens, as described in detail in Hughes et al.
(2022) and in Chapter 3 of this document. This software uses aperture photometry in
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order to detect a source of light and track its position through each frame of the video.
When it finds the source, it will calculate the center of the source, and this is used
as the definitive position of the bolide. This is a python code built with the Jupyter
Notebook platform, and is run as a matter of routine before running any trajectory
analysis.

2.3

Network Architecture and Data Infrastructure

Each all-in-one system runs independently at the host location and only requires access
to one household electrical outlet and internet. Once the system is powered, booted,
and internet connection is established, each pi computer inside the all-in-one is configured to use a reverse SSH port forwarding technique in order to open a tunnel with the
main pi data server here at Florida Tech. With the connection established, the server
can then reach out and connect with the pi. The pi then simultaneously initiates a
VNC server that the host/user can access using a VNC viewing software, as long as
they use the port assigned to the pi’s tunnel. Once the node host/admin/user opens
the VNC viewer, they have complete remote virtual desktop access to the to the pi
computer and the data collected. This reverse SSH port forwarding and VNC Server
scheme was chosen as the main method of access for the all-in-one systems primarily
because we anticipated that each hosting environment would be unique in it’s internet
configuration. In most cases, we assumed, as with our first test deployment in New
Smyrna Beach, that the pi computer will be entirely inaccessible behind a host’s firewall. To remedy the situation, we have the pi make the connection itself back to the
host server, rather than try to dial out to the pi from the data server. In this way, we
can overcome firewall obstacles and still maintain the data and systems administration
as required. When using SSH to tunnel, connection time-out is a common issue, usually
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due to lack of activity over the connection or firewall restrictions. To avoid issues with
the reverse tunnel timing out, we are using autossh on the tunneling session. This
tool monitors the connection and restarts it when necessary, ensuring the tunnel stays
unbroken.

2.3.1

Data Collected– the PiHub

The data collected by the all-in-one system is hosted in a web-based system called
PiHub, built with the Django framework. Django is a Python-based web framework
that provides a both a database infrastructure to store data, with web-based front and
back-ends to host the data and provide administrative access services. Each individual
pi sends their data to the server using rsync, an open-source file transfer and synchronization program. At this point, event data can be further reviewed and validated,
before it is stored in the archive. It available through a website front-end, where anyone can browse events and download the data posted. The administrative back-end
contains important functions such as account creation, camera node creation, data
management, calibration functions, and data processing. The administrative area is
locked behind password access. In this way, we can keep the front-end data accessible
to all, while maintaining security and integrity of the data.
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Chapter 3
Data Analysis
Even the very best, most precise data collection serves little purpose unless it can
be analyzed and interpreted in meaningful ways. The purpose of this chapter is to
describe in more detail the data that is collected from the all-in-one and additional
sources, and the processing that happens for each set. The processing described herein
creates several useful products for the scientific community studying meteors, including
lightcurves, trajectories, orbits, and energy estimates, amongst others, as described in
Chapter 1. There are a few important steps that must take place before these a
product can be created, and several more that must take place to ensure the data is
interpreted correctly, and a correct analysis is reached. We will begin with an overview
of data types, and then the steps required to produce a trajectory, orbit, lightcurve,
and fragmentation analysis.

3.1

Types of Data

The following sections describe in detail the data produced by the all-in-one system,
including video footage and radiometer data, as well as several other data sources used
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in the analysis of meteor data, including additional allsky networks and geostationary
satellites.

3.1.1

Pi Sentinel Data

Pi Sentinel is the program that produces video capture of meteor events, as detailed
in chapter 2. Pi Sentinel software produces 4 types of data: the event video, a corresponding .csv comma-delimited file with time, pixel threshold, X, and Y position of the
meteor centroid on the frame, and corresponding azimuth and altitude coordinates for
each timestep. First piece of data produced is the .h264 raw video footage generated
by an event trigger. This video is captured at 30 frames per second (FPS) and then
converted to .mp4 format for further processing. In addition to the video, Pi Sentinel
generates a .csv file with positional information of the event and corresponding time
stamp. For each time readout, there is associated sum of pixels above the threshold
and sum of pixel values above the threshold. These pixel values are given in the unit
of a digital number (DN), which represents the bit-depth (i.e., color depth) of the pixel
itself. The values then get an X and Y position in the image frame assigned to the
centroid of the event, and its corresponding azimuth and elevation value. The azimuth
and elevation values are assigned according to a calibration loaded into the software
before the observation that maps the X and Y pixel position on the camera’s image
plane to a corresponding azimuth elevation coordinate. The calibration parameters
must be loaded into the program to produce the proper positional data read. Otherwise, the values will be off, and will need to be calibrated with the offline analysis
outlined in Chapter 2.
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3.1.2

PyRadiometer Data

The radiometer data comes in the form of time-stamped voltage values produced during
the observation of an event. Time resolution on the data is set at a default of 1000
SPS, but can be adjusted, keeping in mind that the finer the temporal resolution, the
more data is produced, which can become an issue if the pi’s SD card is not large
enough to accommodate the extra data. Voltage is read in with 12-bit resolution. The
current radiometer configuration reads out 4 channels simultaneously; the first channel
is a “raw” signal read produced by the photodiode, second channel provides a readout
after a high-pass filter is applied to filter out static sources and anything below 0.001
Hz, and the third and fourth channels are the filtered signal gained twice more.

3.2

Video Analysis: Capture and Calibration

The Pi Sentinel software described above in Section 2.2.1.1 is set to observe the sky
during a time interval determined by the user, and automatically creates an ”event”,
which is the video and data capture of a bright moving object that exceeds a specified
pixel threshold. The software continuously records an archive of footage, and once
a triggered, the archive contributes footage to reconstruct the video just before the
event. The archive can also be used to build replays of events that did not reach
trigger threshold, and is scrubbed routinely to keep the disk space from being depleted.
To ensure the data is viable for use in scientific analysis such as trajectory and orbit
determinations, it must be timed to the millisecond, and the positional data must be
calibrated. The timing is managed by a GPS unit connected directly to the Raspberry
Pi that feeds a one pulse per second (PPS) timing signal to the Pi’s GPIO 4 pin.
This timing pules is accurate down to the millisecond. The time is then compared to
the system time, and an accurate timing of the event recording is then stored. The
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Figure 3.1: Composite image for the new all-in-one system. In this video frame stack
built from a 3-minute video at 30 FPS, over 40 stars are visible, down to approximately
+2 absolute magnitude (Hughes et al., 2022) The brightest are labeled here. In clear
night skies such as this one in December 2021, the Orion constellation is clearly visible left-center, as are Sirius, Castor and Pollux, and many others. Full astrometric
calibration of the camera is achievable with only a few night’s composites, or about
150-200 stars total.
positional calibration of the image is accomplished via astrometric calibration, which is
a mapping of the pixel x and y coordinates in an image to a corresponding set of azimuth
and zenith distance coordinates on the sky. This method for allsky cameras is detailed
in Borovička et al. (1995). This method provides unique parameters for each camera
that corrects for camera position, orientation, and lens distortion characteristics.
First, the camera takes 3 minute videos at the top of every hour during the night.
Then, each hourly video is separated into frames and stacked into a composite picture.
See Figure 3.1 and Figure 3.3 for an example composite from the HD camera, as
compared with composite images from the older SACN nodes. Each composite picture,
depending on atmospheric conditions (e.g., humidity, cloud coverage, etc.), will have
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Figure 3.2: Composite image for SACN node 1 in New Mexico. Of all the cameras in the
network, the New Mexico nodes experience the best weather conditions for astronomic
observation, and tend to have some of the clearest composites. This composite can be
compared to Figure 3.1 and Figure 3.3

Figure 3.3: This is a nightly composite image for the SACN node 42 at Florida Tech,
around the same time as the composite image for the new node in Figure 3.1. Overall
fewer stars are visible, making astrometric calibration more challenging. Compare to
Figure 3.1 and Figure 3.3.
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Figure 3.4: An example of ellipticity in an image, from Palotai et al. (2019). The
flat parameter corrects for ellipticity distortions as seen in the view on the right, as
compared with a much more circular view on the left.
several stars visible, down to approximately +2 magnitude. These stars are used to
map the X and Y positions vs azimuth and elevation in the picture. In this way, a
mapping can be produced for each pixel of the image plane that allows us to take
the centroided x and y position of the bolide along its trajectory and convert it to a
corresponding azimuth and elevation coordinate. We use 8 calibration parameters as
first described in Borovička et al. (1995), and an additional two, flat and α, detailed
in Palotai et al. (2019). The center of projection for the x and y axis is the coordinate
where the optical axis intersects the image plane. a0 is the angle that the top of the
camera is turned from true North. V , S, and D, are angular adjustments that adjust
for distortions arising from the shape of the fisheye lens (Bannister et al., 2013). The α
parameter accounts for rotation of the optical axis around the x-axis, and f lat accounts
for the degree of image circularity, in other words, how elliptical the image is as a whole.
This f lat parameter corrects for any added ellipticity that would skew the calibration.
See Figure 3.4 for an example of image flattening, from Palotai et al. (2019).
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Figure 3.5: Allsky calibration parameters as defined on the x-y plane. Image from
Bannister et al. (2013).

3.2.1

Trajectory Solution

The trajectory of a bolide is calculated through a multi-parameter fit based upon the
method described by Gural (2012). This method determines a best-fit linear trajectory
from multiple camera observations combined. Each camera contributes a line-of-sight
vector that is defined with 3-dimensional position and entry velocities (6 parameters
total), and the solver minimizes these six parameters, producing a best-fit trajectory
minimized between all observations. The minimization is performed using the GaussNewton method. Minimization is accomplished according to the following equation
from Hughes et al. (2022):
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⃗ j + rjk r̂jk − ⃗x0 − ⃗v∞ tjk − 1 GM t2jk ,
δ=R
2 |X0 |2

(3.1)

⃗ j is the geocentric 3-dimensional position of the camera j, r̂jk is the unit vector
where R
for the line of sight between the station and the bolide, and rjk is the distance from the
camera to the bolide. x⃗0 and v⃗∞ are the initial position and pre-atmospheric velocity
of the bolide respectively. In this fashion, the solver is able to determine the initial
positions and velocities of the bolide and the distances so that δ is minimized. The
final squared term accounts for deceleration due to gravity.

3.2.2

Orbit Solution

Orbits are determined with the Python module REBOUND (Rein and Liu, 2012), an
n-body integrator using an ias15 integration scheme developed by Rein and Spiegel
(2015), which provides a fast and efficient, high-precision integrator ideally suited to
gravitational dynamics and in particular long-term planetary gravitational simulations.
Pre-atmospheric velocity and position of the bolide is taken from the multi-parameter
trajectory fit described in Section 3.2.1. The pre-atmospheric velocity and position
of the bolide is used to determine a starting integration point. The Sun is added
to the simulation first, followed by the planets using their orbital parameters–semimajor axis, eccentricity, inclination, argument of periapsis, ascending node, and true
anomaly (a, e, i, ω, Ω, f ) as they are at the event start time. These ephemerides are
calculated by the Jet Propulsion Laboratory (JPL) Horizons on-line solar system data
and ephemeris computation service.1 Next we define a group of 5000 test particles
having a small mass that can interact with the planets and Sun (large bodies) but not

1

https://ssd.jpl.nasa.gov/horizons/
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with each other. These are defined in REBOUND as type 1 particles, and are entered
into the simulation in order to propagate errors in the initial velocity and position of
the meteoroid as it integrates backward into an orbit. The test particles are randomly
assigned a position and velocity within the error limits of the position and velocity
originally calculated in the trajectory. In this way, we can perturb the orbit very
slightly, and see how it varies. These small variations serve as the error parameters for
the orbit. Once an orbit is determined, the orbital parameters of the meteoroid are
compared with the orbital elements of known minor planets, comets, and other bodies
from the Minor Planet Center Orbit (MCORB) database2 . In this way, a parent body
or family for the meteor can be determined if its orbital elements closely match those
of a known group or body.

3.2.3

Lightcurve and Fragmentation Analysis

If we have a good light curve from the video or radiometric data, a fragmentation
model can be produced that describes the time and pressures (and thus atmospheric
height) at which the meteor undergoes breakup, depositing energy to the atmosphere
as it does so. This in turn gives us an idea of the size and bulk composition of the
meteor. The fragmentation analysis is performed as outlined in Sankar et al. (2020)
and Hughes et al. (2022). The lightcurve is first extracted from footage or radiometer
data. In the case study outlined in Section 4, we were able to use the data from the
GLM to build a lightcurve of the bolide flash, which captured the exact moment the
meteor detonated. Contributions for the other cameras were not used, as they were
either unable to be calibrated or made negligible contribution to the total energy. This
lightcurve is shown in Figure 4.4, and was extracted in the following manner. By using

2

https://www.minorplanetcenter.net/data
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the calibrated luminous energy provided in the event data, the size of the aperture of
the GLM sensor (r = 5.5 cm), and the position and altitude of the satellite (-75◦ W
longitude, 0 ◦ latitude, 35786 km altitude), we can calculate the spectral flux an at the
sensor in W/m2 /nm
Fλ =

E
πr2 ∆tGLM

,

(3.2)

Where ∆tGLM = 0.002 s, because the GLM records at 500 Hz. Then this flux value is
scaled by determining the ratio of the given calibrated luminous energy readout from
GLM’s very narrow bandpass (777nm ± 1.1 nm) sensor, to the full visual spectrum as
in Hueso et al. (2013),
C777nm

∫ 777.5nm
B(λ, T )dλ
∫
.
= 776.5nm
B(λ, T )dλ

(3.3)

From this we obtain the spectral flux,

FGLM =

Fλ
C777nm

.

(3.4)

and we can then convert this to an absolute magnitude using the relationship,
(
magnitude = −2.5 ∗ log10

F
F0

) (
∗

d
100km

)2
.

(3.5)

In this equation, F is flux from the GLM, and as the flux floor F0 , we can take the
GLM sensor threshold of magnitude -14 (Jenniskens et al., 2018), and make that our
new floor, which corresponds to 1500 Watts at 100 km as in Brown et al. (2019). d is
distance from the satellite to the bolide. Finally we can integrate the flux over time
get total luminous energy, and, using Brown et al. (2002) empirical relation between
luminous and total impact energy,
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E
= 8.2508 ×
1kT

(

E0
1kT

)0.885
,

(3.6)

we can calculate the total impact energy, Where E0 is the luminous energy in
kilotons of trinitrotoluene (TNT) and E is the total impact energy, also in tons of
TNT. From a total impact energy, we can calculate a total mass of the bolide by
equating total impact energy to the kinetic energy and solving for mass. From this we
can estimate a size of the meteor.
Using our lightcurve and the method of fragmentation developed by Sankar et al.
(2020), we can not only determine the physical parameters of the meteor (density,
strength) from the fragmentation model, but also fit the lightcurve to a set of discrete
fragmentation events over the timeline of the flash, giving us insight into how the
bolide broke apart. The fragmentation model solves differential equations for meteor
trajectory within the atmosphere, taking into account meteor drag and ablation. The
equations for speed v, mass M , height in the atmosphere h, angle with respect to
horizontal θ are as follows:
dv
dt
dM
dt
dh
dt
dθ
dt
dS
dt
dE
dt

CD Sρa (h)v 2
+ g sin(θ),
2M
Sσab ρa (h)v 3
= −
,
2

= −

= −v sin(θ),

(3.7)
(3.8)
(3.9)

g cos(θ) v cos(θ)
+
,
v
Rp + h
2 S dM
=
,
3M
( dt )
d 1
1 dM
dv
=
M v2 = v2
+ Mv .
dt 2
2 dt
dt
=

(3.10)
(3.11)
(3.12)

with the S representing the cross-sectional area for meteor with radius r, CD representing the drag coefficient on the meteor, and σab standing for the ablation coefficient,
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which is an amount of ablated material per unit energy (kg/J). ρα is atmospheric density as a function of height, Rp is the Earth’s radius of 6371 km, and dE/dt represents
the change in kinetic energy over time which is released by the bolide. We use the
luminous efficiency from the lightcurve analysis, and derive the luminous power,
dEl
1 dE
=
.
dt
τ dt

(3.13)

The fragmentation model conserves energy and mass. We begin by setting the initial
strength of the meteor to σ0 . When the ram pressure on the meteor reaches that value
of σ0 , the meteor fragments into a number of fragments of equal mass Nf r , and the
smaller fragments increase in strength in a Weibull-like relation
(
σf r = σ0

M0
Mf r

)α
(3.14)

where M0 is the initial mass of the meteor and α is the strength scaling parameter.
The number of fragments is calculated as

Nf r

16S 3 ρm
,
=
9πM 2

(3.15)

and the mass of each fragment as

Mf r =

M
9πM 3
=
.
Nf r
16S 3 ρm

(3.16)

The resulting change in surface area is modeled as
(

dS
dt

)
= Cf r

(Pram − σ)1/2 S
1/6

M 1/3 ρm

(3.17)

where ρm is the bulk density of the meteor. There is a separate discrete fragmentation
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process where a part of the meteor can break off and be treated as a separate object.
This object undergoes all the above physics as described, but can evolve on its own
trajectory, just as the main body does. Finally, we can define the initial position,
velocity, and mass of the meteor from the trajectory and lightcurve, and determine
all of the fragmentation model free parameters (σ0 , α, Cf r for the main body and the
fragments) as a trial-and-error fit to the lightcurve.

3.3
3.3.1

Radiometer Analysis
Radiometer Data

The radiometer detects light sources, including those from bolides and meteor events,
and sends the analog signal from the photodiode to the transimpedance amplifier and
on through the three gain stages, before being converted by the ADC to a digital
signal and then sent to the pi as a timestamped (hh:mm:ss.000000000) voltage at a
rate of a thousand samples per second (SPS). The voltage can then be translated to a
magnitude, given proper calibration of the instrument. The C driver is set to read the
digital signal output, which is 4 total channels–raw voltage, differential voltage, gain
stage 2 voltage and gain stage 3 voltage from the ADC with the associated time stamp
and write it into a .csv file in 2-minute increments. This .csv files are then saved in
hourly folders on the pi.

3.3.2

Radiometer Calibration

The radiometer must be calibrated to a known light source in order to correctly quantify
the magnitude of any signal the radiometer receives from a bolide event. In the absence
of calibration lamps, which are hard to come by and are cost-prohibitive, the full moon
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can be used to get a baseline, as suggested in Vida et al. (2015). However, for the
current radiometer configuration, it is not possible to pick up the moon’s signal due
to the high-pass filter employed to flush out static light sources. But, using a rotating
shutter would interrupt the moon’s signal sufficiently to make it through the high-pass
cutoff at 0.001 Hz. By comparing to the -12.74 apparent visual magnitude3 of the
full moon, we can then have an idea of what the magnitude of the output for different
sources were. As of this writing, a full calibration has not yet been completed. However,
we were able to test for noise and circuit response in a dark room to determine the
magnitude of the circuit noise floor.

3.3.3

Darkroom Baselines

The current configuration was tested in a dark room to avoid all possible light sources,
in order to get a baseline for the average noise floor of the system. The average noise on
the raw signal straight from the TIA and from the signal after the differential amplifier,
then from gain stage 1, and finally gain stage 2. (channels 0, 1, 2, 3 from the ADC,
respectively) The results are listed in table 3.1. The raw signal is stable around 0.004
volts with no light sources. However, after the raw signal is sent through the differential
amp with the conditioning filter and the static source high-pass filter, the noise floor
drops considerably, first to almost 0 and then to only a fraction of the raw channel.

3.3.4

Noise Considerations

Noise is a large issue for sensitive analog circuits like the radiometer. Even a tiny
amount of noise in the circuit gets multiplied through the op amps and can quickly

3

https://nssdc.gsfc.nasa.gov/planetary/factsheet/moonfact.html
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Table 3.1: Average dark voltage reading per channel in Volts, per 2-minute capture
Trial
1
2
3
4
5

Time

CH 0 Vavg
0.00537
0.00435
0.00465
0.00511
0.00431

CH 1 Vavg
6.7155 × 10−7
2.9589 × 10−5
0.00077
0.00134
0.00151

CH 2 Vavg
0.00040
0.00098
0.00838
0.00607
0.00644

CH 3 Vavg
0.00199
0.00593
0.04002
0.03840
0.04214

Figure 3.6: Dark room noise on the raw (unfiltered) signal input for 2 minutes duration.
overwhelm any signal and destabilize the amps themselves. Noise was an issue for
the first few iterations of the radiometer, making the signal to noise ratio too low for
any meaningful data on smaller events. While it is impossible to completely remove
noise, there are a few techniques to greatly reduce noise, as recommended by the
manufacturers of the ADC and op amps. These have been employed in the latest
configuration of the circuit, as described in Chapter 2. The first is a separation of
analog and digital grounds. The ground for each of the op amps, the positive terminal
of the photodiode, as well as the analog ground on the MCP3304 is fed to a full copper
area layer on the circuit board, which is an area on the circuit board filled with a
copper pour to act as a ground plane for circuit components. The digital ground for the
MCP3304 is passed to the ground pin on the pi, which goes to the outlet ground. The
full copper area ensures that impedance will be at its lowest value possible, attracting
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Figure 3.7: Four channel readout for simulated events. 5 total events, spaced roughly
1 second apart. Channels 3 and 4 (top and bottom right) are completely saturated
except for some noise punching through at about 4 seconds and after 50 seconds.
stray electrons and helping to prevent noise from traveling from the digital side of
the circuit back into the analog signal loop. Another method of noise reduction for
the radiometer is conditioning the power used by the ADC by employing a voltage
regulator. The 5V power source pin from the Raspberry Pi GPIO is a source of noise
for the circuit. By using a voltage regulator, a smooth 5V power source is created for
the ADC that greatly cuts down on noise. The drawback is that the voltage regulator
takes a 12V DC source, which is another different voltage that has to be split off and
fed to the radiometer.
We performed a Fast Fourier Transform (FFT) with the dark room test event data
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Figure 3.8: Fast Fourier Transform (FFT) of channels 0 (raw) in panel (a) and channel
1 (filtered) panel (b). The remnant power line noise harmonics at 360 Hz and higher
are largely filtered out after the filter. A close-up of both graphs are included in panels
(c) and (d).
as shown in Figure 3.7 to determine our strongest noise frequencies. The first noise
anticipated to appear in the FFT is the 60Hz power line noise. This was effectively
filtered out. Figure 3.8 shows a FFT for the raw unfiltered signal in panel (a), and the
same applied to the first filtered channel in (b). A zoomed-in perspective is applied
to both channels in panels (c) and (d). The higher power noise harmonics effectively
disappear after the filtering. The simulated signal at 12 Hz however, very strong as
compared to any other noise. This is a good indication that the differential is working
as intended.

49

3.4
3.4.1

Other Data Sources
Spalding Allsky Camera Network Data

The SACN is a US-based allsky camera network, with several allsky cameras dispersed
throughout the continental United States and international locations. The SACN uses
a more traditional Sony HB-710E Starlight Black and White CCD camera coupled
with a Fujinon YV22X14ASA lens. These older cameras offer a resolution of 640 × 480
pixels. The observational data is managed by individual computers and archived at a
central server, where it is made available to the scientific community.4
The SACN produces 4 key pieces of data, similar to Pi Sentinel software in the
all-in-one. It captures video output of meteor events in .mp4 format, and a composite
image of the event in .jpg format. It creates a time-stamped, x, y positional data
spreadsheet in comma separated values format. It also creates a timestamp .txt file,
with start and end times for correlation between nodes.

3.4.2

Geostationary Lightning Mapper

The Geostationary Lightning Mapper (GLM) instruments aboard the Geostationary
Operational Environmental Satellites (GOES)-16 and 17, provide an additional, spacebased method to detect bolides Jenniskens et al. (2018), as well as an opportunity
to study energy released during atmospheric entry and break-up. The instruments’
combined footprint extends across the contiguous United States; GOES-16’s footprint
is centered at 75.2◦ West, and GOES-17’s footprint is centered on 137.2◦ West. The
GLM provides an energy received at the sensor reading in femtojoules, and a latitude
longitude location for the energy in single event vales and an weighted group value. The

4

www.goskysentinel.com
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instrument is comprised of a nadir-staring CCD detector with a very narrow bandpass
filter centered on the 777.4 nm band, the atomic oxygen line, where a significant amount
of lightning’s energy is emitted, and as a result, is also a significant emission line for
meteors (Borovicka, 1993).
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Chapter 4
Results
As a result of increased performance from the new all-in-one system, error in the
accuracy of the trajectory calculation decreased by about a factor of 4, as seen in the
following study of the 13 April 2021 event over Florida and the Bahamas. The results
of the event analysis is detailed below; with a comparison of the new setup versus the
older traditional setup with the Spalding Allsky Network. Radiometry results from the
earlier radiometer build are also included, as well as event simulations with the newer
configuration.

4.1

13 April 2021 Bolide Event

On 13 April, 2021 at 2:16:40 UTC, a magnitude -19 bolide flash occurred between
Florida and Grand Bahama Island. The bolide event was captured by 3 SACN cameras,
nodes 10 (Newberry Park, FL), 16 (Pi Sentinel at Florida Tech) and 42 (SACN at
Florida Tech), several doorbell cameras and dashcams posted by the public on the
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American Meteor Society’s Fireball Reporting Website1 , and a NASA camera at Cape
Canaveral, FL, NASA 20A. It was also seen by the Geostationary Lightning Mapper
aboard the GOES-16 satellite. This event is documented in Hughes et al. (2022), and
the analysis is described below.

4.1.1

Trajectory

We found that the meteor took a north-northeast track between the south Florida coast
and the western tip of Grand Bahama Island, and terminated its flight in the Atlantic
Ocean. The ground track is plotted in Figure 4.1, and the resulting map projection is
recreated in Figure 4.2. We can also get a good solution on the height of the bolide
throughout the trajectory path. This is shown in Figure 4.3.
For this event, we were able to get a good lightcurve from GLM data and obtained
a total luminous energy, with the process described in Section 3.2.3, of 5.0 ±0.3 T
of TNT, and a total impact energy of E= 76 ±5 T of TNT, which agreed with US
Government sensor’s measurement of 76 T of TNT. We calculated a total mass of 2500
±200 kg by using the kinetic energy and solving for the mass directly. We were then
able to use this information with a fragmentation model to reconstruct the breakup of
the meteor as described in Section 3.2.3. We were able to get a reasonable fit to the
lightcurve, and identify 8 separate fragments splitting off the main body, as detailed in
Figure 4.5. We determined the main body had a density of 2000 kg m−3 and an initial
strength of 0.375 MPa, which corresponded to a diameter of 1.34 ±0.09m.
The residuals as defined by (3.1) are shown in Figure 4.9. The beginning position
and velocity of the meteor were input into the integrator, and integrated back in time
10 years, to calculate the pre-atmospheric orbit, as seen in Figure 4.10. The full

1

https://fireball.amsmeteors.org/
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Figure 4.1: Map-projected trajectory for the 13 April 2021 event. Dots in red and
green are observed data; line is calculated best fit trajectory solution. This is mapped
in Figure 4.2, where it can be seen in context with other sensor observations used in
the analysis.
orbital characteristics are presented in Table 4.1. The orbital elements e and i were
both plotted vs. a, along with all known bodies from the Minor Planet Center Orbit
(MPCORB) database, and is shown in Figure 4.11. The parent object appears to
originate from the Jupiter Family, but does not match exactly any known bodies, so
an exact parent body could not be specified. The calculated orbit gives a semi-major
axis for the parent body as 3.58 ± 0.02 AU, with an orbital period of 6.77 years. The
fragmentation analysis was made possible with data from the GLM, and the fragments
were observed as predicted by the fragmentation analysis with excellent footage from
a South Miami dashcam, travelling down the road at just the right time to capture the
break up of the meteor. The model predicted 8 distinct fragments for the break-up of
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Figure 4.2: Trajectory as map-projected. The black arrow running along the tip of
Grand Bahama Island represents the trajectory solution combining the best two observations; our all-in-one (red dot) vs. NASA 20A camera (green dot). Line of sights
are drawn in for both observations. Trajectory agrees with the JPL/CNEOS government sensor observation shown as an orange cross. GLM data is plotted as 2 X’s, and
are within the expected ±5 km expected error. As an additional points of interest,
lightcurve peaks are included on the plot as red stars at the end of the trajectory path,
as they were seen in the dashcam and calculated by the fragmentation model.
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Figure 4.3: Height vs. time of the bolide flight. Start and end heights agree with
fragmentation model start and end heights.
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Figure 4.4: Absolute magnitude of the bolide event as seen from the GLM (black)
and the NASA 20A camera (orange) as plotted against time. The bolide flash peaks
at roughly 3 seconds as seen with the GLM data, while the NASA camera saturates
around -15 magnitude and is unable to centroid properly.
the meteor; and the dashcam footage matches the timing and number of fragments.
The meteor was also captured by the radiometer described in this thesis using a
1x2 Vishay BPW-34 photodiode array, and the bolide flash was recorded, having 2
distinct peaks, and a third possible for the terminal flash, as recorded by the GLM.
Due to limitations in the speed of the python code to record the data to disk, large
gaps exist in the event. The signal to noise ratio is also greatly increased in this
capture, because this earlier radiometer build was unable to filter out light pollution
from different sources, as well as circuit noise. The radiometer capture is shown in
Figure 4.7. The peak flash at 02:16:44 UTC, and can be compared to the lightcurves
produced from GLM and NASA 20 Observations. They are similar in shapes, the two
main peaks being clearly visible. The code has since been updated to use a faster
driver written in C, so that dropouts during recording are prevented.
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Figure 4.5: Fragmentation model for 13 April 2021 bolide event. The solid black line
is the lightcurve as observed from GLM data. The black dashed line represents the
lightcurve as modeled by the fragmentation scheme, where individual fragments and
their energy contributions as they break off the main body are plotted in different
colors, and numbered 1-8. The insets at top are the dashcam footage close-ups of each
fragment as it comes apart, synced in time with the model.
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dE
vs. time from fragmentation of the 13 April 2021
dz
bolide, as shown in Hughes et al. (2022). The black line represents the total energy
contributions, and the colored lines are contributions from individual fragments.
Figure 4.6: Energy deposition

Table 4.1: Trajectory and orbital elements for the 13 April 2021 bolide event.
element
entry latitude
entry longitude
entry velocity
start height
ending latitude
ending longitude
ending height
semimajor axis
orbital period
eccentricity
inclination
ascending node
argument of periapsis

V∞

a
T
e
i
Ω
ω
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value
26.464 ±0.004◦
-79.094 ±0.003◦
16.31 ± 0.05 km s−1
73.17 ±0.04 km
26.86 ± 0.004◦
−79.05 ± 0.004◦
34.5 ±0.5 km
3.58 ±0.02 AU
6.77 years
0.725 ± 0.002◦
9.06 ± 0.02◦
202.619 ±0.001◦
20.18 ±0.05◦

Figure 4.7: Readout from the radiometer Channel 2 of the 13 April 2021 bolide over
Florida and Grand Bahama Island. The sharp spike in light intensity is observed at the
flash of the event: 02.16.44 UTC. The noise floor is considerable in this plot because
this data was captured with an older iteration of the radiometer without the static
filters, so it was receiving all the extra light from static sources around the setup. Data
dropouts are also evident between the first and second peaks, and the 2nd and final
peaks; it is believed that the I/O on the pi was overwhelmed by the python driver,
which has since been remedied by the creation of a fast C driver.

4.2

Radiometric Results

The most current configuration of the radiometer as described previously has not yet
witnessed a bolide event at the time of this writing. However, it has been tested in a
darkroom setup to get a better understanding of the total circuit noise and how events
would be captured in ideal circumstances.

4.2.1

Event Simulations

Event simulation moving a simple LED light source back and forth in proximity to the
sensor was used to determine the response of the radiometer, and to see how the gain
channels behave. The results of the capture are plotted in Figure 3.7. The top left
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Figure 4.8: Residuals for the trajectory solution between the data from NASA’s camera
20A on Cape Canaveral, FL and an older SACN camera, node 42, located next to node
16, in Melbourne, FL. Values with the old camera on the left pane are significantly
larger at ±1 km, than the residuals for the trajectory calculated with Pi Sentinel data
at ±0.25km.
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Figure 4.9: Residual errors in x, y, and z directions for the 13 April 2021 bolide
trajectory solution. A large improvement is seen in the right pane, as residuals for
solution using data from the all-in-one are on the order of ±0.2 km, where the older
camera is at ±1 km.
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Figure 4.10: Pre-impact orbit for the 13 April 2021 event. Orbital elements are given
in Table 4.1. The path of the meteoroid is traced in black, solid above the ecliptic in
panel (a) and dashed below. In panel b, the meteoroid path is solid black line in front
of the y-z plane, and dashed behind the y-z plane. The sun is at the center, Venus in
green, Earth in blue, Mars in red, and Jupiter in brown.
panel is the raw signal from the photodiode output direct to readout. The signal read
is clean, although the noise floor is slightly elevated, as compared to the first feed from
the differential, where the noise floor is minimized. The two gain channels are maxed
out as expected, but become noisier than the first two channels, as evidenced toward
the start and end of the simulation.

4.3

Discussion

As compared to the current SACN cameras, the HD color webcams used with the Pi
Sentinel program produce a sharper capture with a better centroid thanks to increased
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Figure 4.11: The eccentricity and inclination values vs. semi-major axis for the meteoroid, as plotted against all known bodies from the MPCORB database. The orbit of
the 13 April 2021 event is plotted in red, and the dat from the MPCORB database are
plotted as small black dots.
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resolution. This allows an increased precision for the trajectory. In a comparison with
the same NASA data as the 13 April event, when the trajectory is calculated with old
SACN camera node 42 and the same NASA data, the residuals in length and x, y, z
position are significantly larger, averaging ±1 km for the old camera, and only ±0.2km
with the upgraded camera, as shown in Figures 4.8, and 4.9.
Taking length difference is on the order of ± 1 km, and the residuals in the x, y,
and z direction are around 1 kilometer, as compared to 0.2 kilometer with the newer
Pi Sentinel data.
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Chapter 5
Conclusion
5.1

Overview of Findings

This thesis has successfully shown that the new all-in-one system does provide several
benefits. Using the new all-in-one provides a substantial improvement in terms of
video resolution during event capture. Better resolution means better centroiding, and
thus with the new camera, analysis has the potential to be calibrated down to 10−3 in
azimuth and elevation error is a magnitude improvement over 10−2 . In the 13 April
2021 event analysis, we were able to successfully analyze the bolide’s trajectory from
start to finish, completely characterize the orbit, and identify a parent body provenance
of the Jupiter Family of comets, which are short-period comets with a high eccentricity
and low inclination. Further, we were able to use a fusion of different data sources,
both ground and space-based observations, to complete the analysis.
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5.2

Recommendations for current and future work

There are many more investigations that can be accomplished with the all-in-one system, and several improvements to be made. Of highest importance is completing full
calibration for the radiometer circuit. After calibration of the open sensor, there are
plans to install a setup where multiple color bandpass filters could be used simultaneously during an event. These filters provides information on the chemical composition
of the meteor(Palotai et al., 2019), which gives insight into the mineralogical composition and the resulting structural information of the meteorite. There are also future
upgrade considerations for the radiometer circuit itself. These include upgrading the
radiometer to 24 bit resolution or experimenting with a logarithmic ADC to increase
the dynamic range, and capturing very faint meteors. There are also plans to upgrade
the power supply for the radiometer with a power conditioner, and even separating the
radiometer and Raspberry Pi into different housings so that more complicated filter
schemes can be attempted. There is currently work to improve the packaging of the
system, reducing footprint and organizing components in a neater, cleaner fashion. A
cleaner format will help the fan circulate air more efficiently around the components,
keeping any remnant moisture from settling on the inside surfaces. It takes care of
cable management, keeping all wires and cables in an organized neater path. It also
makes servicing easier, as everything is neatly stowed in its own place. Ultimately,
having internal components fixed to a steady framework will ensure components remain in place during deployment or movement of the setup and provides the added
benefit of immobilization of parts during shipping, making the whole process safer,
with less risk of damage to the system. The upgrade of the radiometer’s photodiode
array is currently underway having now fully constructed a radiometer setup using the
Hamamatsu S1337 1010-BR photodiode, bringing a much larger sensor surface area for
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more capture ability. As compared to the Vishay BPW34’s surface area of 7 mm2 , the
Hamamatsu model is 10 × 10 mm, making for 100 mm2 surface area for capturing light.
The spectral response is similar to the BPW34. Bandpass filters for the radiometer
are still in development as mentioned above, with plans solidified for a standard red,
green, and blue optical filter to pair with the larger photodiode. There is always an
opportunity to experiment with even more ways to limit circuit noise, and plans for individual component shielding, such as those used in very sensitive lightning detectors,
are in the works.

5.3

Summary

This thesis has shown that the all-in-one system does indeed work to accomplish the
three goals as outlined in the beginning. It augments current systems with increased
coverage, having been successfully deployed in several locations to date (Melbourne,
FL, New Smyrna Beach, FL, and Riverside CA), with several more sites upcoming.
It requires minimal setup and is therefore easy to install, and is, as compared to
older systems, very low cost. It has been shown to provide better quality observation,
thanks to the HD web camera, and also provides radiometric observation, to cover
times when the camera saturates. Further, the data harmoniously integrates with
other observational sources or sensor data, as seen with the JPL/CNEOS sensor data
as well as GLM data. There is good opportunity for future work, both for future event
analysis and radiometer development. Accomplishing a full calibration for the system,
and re-designing the PCB to accommodate more than one photodiode array and their
individual inputs while keeping the requirement at one pi to host would be beneficial,
as the filter scheme could then be more easily deployed. Better power management
would be another large improvement for the system; investigating different ways to
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provide a clean DC power to the radiometer of paramount importance. Ultimately, the
observation of more events will be the true indicator of the success of this project. As
more systems are deployed around the country, we will see the benefits realized and do
our part to enrich the data available for meteor scientists.
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